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IN1R0DUCI ION 


As  a re  ult  of  concerted  n-. parch  efforts  of  the  past  two  decides,  iny  of 
the  ‘.as i jrcblems  in  linear  fracture  mechanics  have  been  resolved  with  the 
gradual  ac  eptanco  of  fracture  mechanics  as  a design  tool  in  ii  iustry.  Al- 
“ j ,h  1'mar  frc  ture  ei1  anics  ian  tie  used  effectively  in  preventing  much  of 

the  p 1 i . ted  fracture  odes,  there  are  limited  occasions  wlen  fracture  < in- 

i nt  be  avoided  due  to  unusual  loading  rondit  ons  which  ay  nr  may  not  'ur 

• jr  if.g  'he  1 i f < • e of  a structure.  As  a secondary  safety  a ore,  a crack 

urn  st  -.  * an  • ' which  inuld  prevent  catastrophic  failures  of  critical  struc- 

• jral  i p*  nents  ire  thus  required  in  some  designs.  Since  the  design  of  a 
'ei  .ii.'t  ' ‘ inism  requires  Inowledge  of  fracture  dynamics,  increasing 

ii  • tr.  h ef  forts  ire  being  expended  in  studying  the  basic  laws  which  govern 
- t;  id  r ei  pr  . agat  ion  and  crack  arrest.  Progress  in  fracture  dynamics,  how- 
. r,  ■ ; d by  the  la;  k of  ( o"  parable  theoretical  and  evieri;  ental  tools 
.*.)•  ► ntributed  to  tii©  rapid  progress  nude  in  linear  fracture  mechanics. 

: 11  - : the  neerlng  paper  of  Me  11s  and  PosO  , three  ;i  ups  of  re- 

• ar  hers'  t ave  i .>'d  either  dynamic  photoelastic  technique  or  dynamic  ca  us- 
t s*  to  deter";  ine  experimentally  the  dynamic  state  of  stress  surrounding  a 

p pa;it;ng  crack  tip  in  various  birefringent  polymers.  These  optical  t»ch- 
■ i . aes  in  be  i. 1 ed  to  <b  term i no  within  reasonable  accuracy  the  dynamic  stress 
■ ms i ty  factor  of  a rapidly  running  or  arresting  crack.  No  comparable  ex- 

• c ;■  ental  tr.  ,e  exists  for  measuring  the  dynamic  stress  intensity  factor 
in  a fracturing  i 'al  plate.  As  a result,  considerable  data  on  the  fracture 
‘if!  ic  proper  t it-  of  birefringent  polymers  have  been  generated  for  the  pur- 

: < '•  of  providing  ns'jhts  into  ttie  dynamic  fracture  touyhness,  K [q,  and 
i •;  i it  rest  stress  intensity  factor,  Kja , of  metals.  In  the  following  a re- 
view md  .u'  parison  of  published  fracture  dynamic  properties  of  four  bire- 
f i ngent  polymers,  a polyester  resin  Homal i te-100,  ppoxy  resin  Araldite  R, 
n fied  ppoxy  resin  and  polycarbonate,  are  given. 

DYNAMIC  FRACTURE  TOUGHNESS 


Dynamic  fracture  toughness,  K j j , is  the  dynamic  count,  rpart  of  the  static 
f-acture  toughness,  kjc,  and  is  equal  to  the  measured  dynamic  stress  inten- 
sity  factor,  K‘jlyn,  in  a fracturing  material.  Considerable  direct^'®  and  indi- 
rect' ' • ' evidence  showing  unique  relations  bet."en  and  era;  l vein'  ity,  a, 
for  the  above  polymers  and  some  metals  have  bep'  generated  to  da’e.  'he  kjp 
virus  a relations  of  biiefringent  poly  ers  were  established  ‘hr  i jh  ‘tie  use 
of  /ar  i is  fracture  specimens,  such  as  those  shown  in  T:  ,j re  1.  Tor  ‘rose 
polymeric  fracture  specimens,  one  notes  considerable  differences  ;n  specimen 
./“S  in  contrast  to  the  small  differences  between  the  re  ective  dilatation- 
al  wave  velocities  shown  in  Table  1.  Thus  the  transit  time  for  a dynamic 
•vent  to  reach  a moving  crack  tip  would  be  predominantly  governed  by  the  spe- 
c ’ ' n si/e,  which  could  result  in  differences  in  dynamic  responses  of  speci- 
mens of  similar  configuration  but  different  sizes.  The  extent  of  dynamic 
interaction  with  the  crack  velocity  and  possibly  with  the  postulated  material 
property  of  K j q is  not  clear  at  this  time  but  it  is  generally  understood  that 
smaller  fracture  specimens  will  accentuate  the  dynamic  effects. '2 

Using  dynamic  photoelasticity,  T.  Kobayashi  and  his  col  1 eagues® • 7 deter- 
mined K|q  in  a variety  of  single-edged  notch  (SEN)  specimens,  wedge-loaded 
double  cantilever  beam  (DCB)  specimens  and  wedge-loaded  contoured  DCB  (C-DCB) 
specimens  machined  from  12.7mm  thick  Homal ite-100  plates  as  shown  in  Figure 
2.  Figure  3 shows  the  Kjq  determined  by  the  authors  for  similar  SEN  and  smal-  / 

ler  DfB  specimens  machined  from  thinner  Homal ite-100  plates.  Other  than  the  u 

large  data  scatter5,  which  is  not  evident  in  Figure  3,  the  authors’  K[q  versus 
a relations  and  those  of  T.  Kobayashi  et  al.  for  different  Homal ite-100  plates 
are  in  reasonable  agreement  under  static  loading. 

&yf  ^ 

* Tor  a more  detailed  explanation  of  the  lesser  known  method  of  caustics,  see 
for  example  Reference  9.  , 
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* tnt  illy  K . r than  t hie  corresponding  Kjg  in  statiially  1 id- 
1 ..■ft  n<  k velocities.  The  lower  Kjd  at  1 ■•■••■r  a is  i ; • d 
t ;ites  ir-to  'he  region  rinser  tn  the  impact  /■  • e ..‘eh  is 
. ier  h i hi  y d_,  n rnic  loading  condition  ,,h  i h , i 1 :hly 
t it  ic  leading  of  other  specimens  shown  in  f io  jre  1.  This 
;;)  e hr  dy  i ic  loading  i mild  cast  doubt  on  the  validity 
ic  fr  nture  toughness,  Kjm,  as  a « c .-t  v itive  esti- 
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■o  static  fracture  toughness  of  th-ue  poly  • rs 
.hat  ' ugh  ’0  extrr  -ely  tough  material  in  corpaiison  to  the 
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ting  to  i 
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D versus  a 

approximately  equal  to  the  it*c-r 


hat  the  .read  in  the  bi  furrated  K 
r ■ ig.her,  modified  epoxic 
’•'ll  :ite  I1  and  polycarbonate  pecimens.  Also  note  that  the  slant  in 
us  a i lives  of  the  DDT  spec  ' ens  in  figures  3 and  A suggest  arainthat 
;m  Kjd  at  1 wer  a could  he  significantly  altered  under  dynamic  load- 


S‘  • re  the  dynamic  effect  in  a finite  si  ire  fracture  specimen  >s  governed  by 
• ts  1 ading  enditi  ns,  sin  h effect  could  be  detected  in  s'ltically  K eied 
fracture  , ec r • ns  if  the  crack  initiation  stress  intensity  fictor,  Kjq,  is 
e>tre  ely  high.  F i ; ire  5 shows  the  Kjd  versus  a curves  for  * wo  different 
ig<  1 led  peci  ens3»»  machined  f rom  different  H<  al ite  1 1 plates. 

‘ *n  n F ■ : ire  1,  t he  two  DCB  specimens  differed  by  cure  *‘un  a fat  tor  of 
? in  linear  dr  nsi  ns  but  both  speciniens  were  loaied  at  a high  Kjq  of  re 
•can  twice  the  Kjq  values,  thus  causing  the  crack  to  run  through  toe  entire 
pm  sen  height  without  arresting.  Despite  the  difference  in  sizes,  both 
KjD  versus  crack  c. tension  relations,  and  more  so  the  a versus  crack  extension 
relations,  wi  ■ e veiy  similar  thus  indicating  that  the  stress  wave  effects 
.•  '•era fed  by  a rack  pi  ipagating  at  the  same  a will  he  similar  but  ts  influ- 
ence on  t j q will  vary  with  the  timsit  t ime  of  the  stress  wave  returning  to 
the  propagating  crack  tip. 

The  above  results  show  that  Kjd  is  influenced  by  stress  wave  efferts  and 
that  Kjd  at  lower  a could  be  altered  significantly  under  dynamic  loading. 

In  the  absence  of  significant  Jyna  ic  effects,  however,  a unique  Kjd  versus  a 
relation  of  the  ; shape  appears  to  idequately  characterize  the  dynamic  frac- 
ture response  of  these  birefringent  polymers. 


CRACK  ARRTST  STRFSS  INTiNSITY  FACTOR 

The  results  of  figure  2 and  much  of  Figure  3 have  led  Iiwin'^  and 
others®*^''®  to  postulate  the  use  of  minimum  dynamic  fracture  * nho«ss,  K;m, 
as  a conservative  estimate  of  a crack  arrest  stress  intensity  factor,  Kja. 

In  addition,  Kalthoff  et  al.^  have  shown  that  this  Kjm  is  indeed  a aterial 
property  as  shown  in  Figure  6 by  the  constant  K^n  observed  in  six  wedge-load 
ed  DCB  specimens  machined  from  Araldite  B plates.  Noting  that  the  existence 
of  such  K j £n  could  be  a characteristic  response  of  the  particular  specimen 
geometry,  the  authors  replotted  some  previously  published  crack  arrest  data  “ 
in  Figure  7 following  the  format  of  Kalthoff  et  al.  For  the  Four  SFN  speci- 
mens with  a geometry  shown  in  Figure  1,  not  only  did  a constant  K^n  similar 
to  the  Kalthoff  data  exist  but  also  the  corresponding  static  stress  intensity 
far  tor  after  crack  arrest,  kH3*.,  varied  with  the  total  crack  length  at 
arrest  as  shown  by  Kalthoff  et  a!  . This  variation  in  K^at  refutes  the  con- 
tention of  some  that  crack  arrest  can  be  charac teri zed  by  a material  property 
which  i'  the  static  stress  intensity  factor  a few  milliseconds  after  crack 
arrest13«l®.  . 

The  differences  between  k'j^  obtained  for  the  larger  SLN  specimen  in  Fig- 
ures 7 and  the  lower  Kjm  observed  in  the  smaller  DCB  specimens  in  Figure  3, 
needless  to  mention  the  noticeable  difference  in  Kjm  obtained  from  the  DTT 


,vc  ire  ns,  leads  one  to  speculate  again  that  dynamic  effects  iy  s : ■ i f mt- 
ly  alter  the  observed  Kj_  in  different  specimens.  Despite  ’he  high  K,  (/ar- 
id f t an  one  and  one  half  to  four  times  t tie  F»  ) in  Kal  thoff ’s  ■■■  ige  - !•  r!ed 
:>CB  .pecirans,  the  tougher  Araldite  B material  seemed  to  attei  /ate  t.he  stress 
.ive  effects  ere  than  in  brittle  Homalite  100  w- -Ige -loaded  UCB  spec  imens  of 
similar  size'.  As  a result,  the  apparent  existence  of  a Krm  /Id  be  ore 
noticeable  in  the  Araldite  B specimens  loaded  under  fixed  wedge  displace  nt 
rood i t ion”. 

CONCLUSION 

It.  re  is  mounting  evidence  supporting  the  existence  of  a uni  ;ue  k m ver-.us 
a relation  which  was  derived  from  fracture  dynamic  experiments  using  Targe 
, lympric  specimen  subjected  to  static  loading.  The  existence  of  > h unique 
Kjg  vi  i us  a relation  and  hence  the  validity  of  a Kjm  as  a conser.  itive  esti- 
• .»q  t t no  t r.^ri  g r r n c t StrCSS  intensity  factor  iiminr  fiyn-imir  1 i iirnj,  r if  *i- 
ever,  r>  ain  unresolved. 
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Table  1.  Elastic  Properties  of  Model  Materials  for  Fracture  Specimens 


Material 

Static 

. 

mi  c 

Fracture 
Toughness 
MPa>  m 

Di  1 a tat i ona  1 
Wave 

Velocity 

m/sec 

Modulus 

~ r ri.. 
ui  l im- 

tici  ty 

GPa 

Poisson ' s 
Ratio 

Modulus 
of  Elas- 
ticity 

GPa 

Poisson's 

Ratio 

Homal i te- 100 
[2-4] 

3.72 

0.345 

4.65 

0.345 

0.650 

2400 

Homal i te-100 

[5] 

3.72 

0.36 

4.80 

0.36 

0.415 

2590 

Homal i te-100 
[6,7] 

3.86 

- 

4.82 

0.31 

0.450 

2150 

1 

Modified  Epoxy 
Blend  No.3[7] 

3.01 

- 

3.95 

0.34 

1.180 

1970 

Modified  Epoxy 
Blend  No.l2[7] 

3.97 

- 

4.07 

0.37 

0.910 

2020 

Araldite  B [8] 

3.38 

0.33 

3.66 

0.39 

0.790 

2500 

Polycarbonate 
[6  j 

2.38 

0.36 

2.72 

0.36 

3. 340 

1960 

CENTER-  PIN 
LOADING 


FIGURE  I.  SPECIMENS  USED  IN  FRACTURE  DYNAMIC  ANALYSIS 
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FIGURE  4 . DYNAMIC  FRACTURE  TOUGHNESS  OF  EPOXIES  AND  POLYCARBONATE 
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FIGURE  3 VARIATION  OF  DYNAMIC  FRACTURE  TOUGHNESS  AND  CRACK  EXTENSION  VERSUS 
TIME  RELATION  IN  TWO  WEDGE-LOADED  DCB  SPECIMENS  WITHOUT  CRACK  ARREST, 
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FIGURE  6.  VARIATIONS  IN  FRACTURE  TOUGHNESSES  IN 
WEDGE-LOADED  DCB  SPECIMENS[8] 
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Kjg,  versus  crack  velocity,  a,  relations  of  these  polymers  fractured  under 
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loaded  dynamically.  The  existence  of  unique  Kin  wr-.iK  A rel.it  inns  and  the 
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crack  arrest  stress  intensity  factor 
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